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INTRODUCTION
The nature of the chromophore-protein interactions in biological photoreceptors is of major importance as it is strongly linked to the particular function of each photoreceptor. Our own studies of the photoinduced processes of the plant photoreceptor phytochrome (Braslavsky, 1990; Hill et al., 1994; Lindemann et al., 1993; Schaffner et al., 1990) and those from other laboratories (see, e.g., Li and Lagarias, 1992; Riidiger, 1992; Song, 1988) and studies of the halobacterial membrane protein bacteriorhodopsin (Rohr et al., 1992; Schulenberg et al., 1994) , as well as of chromophore-model compounds (Braslavsky et al., 1983) , revealed new aspects in this area. The study of the time-resolved protein movements during the photoinduced reaction by using photothermal methods offers an alternative to optical detection to answer some poorly understood mechanisms. This approach has been pioneered by Callis et al. (1972) and applied by Parson's research group to various biological photoreceptor systems (Arata and Parson, 1981; Ort and Parson, 1978) .
Essentially, the method is based on the fact that, after pulse excitation, a volume change takes place in the medium. This volume change may be composed of two terms: 1) the expansion or contraction due to the release of heat by radiationless processes from the excited molecules and 2) the pos-Strahlenchemie, Postfach 101365, D-45413 Muilheim an der Ruhr, Germany. Thus, both contributions can be separated by temperaturedependent measurements (Callis et al., 1972; Norris and Peters, 1993 ; Peters et al., 1992) . The volume change may be detected by a rapid pressure transducer and in this case we called the method laser-induced optoacoustic spectroscopy (LIOAS) (Braslavsky and Heibel, 1992) .
Using LIOAS, we have determined the energy stored by the microsecond intermediates in the bacteriorhodopsin photocycle (Rohr et al., 1992) . More recently, through the temperature dependence of the LIOAS signals from bacteriorhodopsin, we derived the volume changes due to molecular movements taking place during the first steps of the photocycle of the monomerized form of this retinal protein (Schulenberg et al., 1994) . To better understand the origin of the molecular movements observed, we studied the timeresolved volume changes accompanying the photoisomerization of carbocyanines , polyene dyes that serve as models for photoisomerizable polyene chromophores (e.g., retinal and phytochromobilin) in biological photoreceptors. The molecular volume changes in these cases can be attributed to a volume change of the environment around isomers (the parent state and its photoproduced isomer) of different dipole moment. In other words, from temperature-dependent LIOAS measurements on biological photoreceptors it is possible to follow the time evolution of the chromophore's immediate protein environment.
We decided thus to analyze the photoinduced dynamic behavior of the photoactive yellow protein (PYP) to better understand the nature of the chromophore-protein interactions during the photoinduced series of transformations in this macromolecule and to extend the thermodynamic description of the PYP photocycle (van Brederode et al., unpublished) .
The water soluble PYP (Mr 14 kDa), isolated from various bacteria (Hoff et al., 1994b; Meyer, 1985; Meyer et al., 1990; Van Beeumen et al., 1993) and spectroscopically identified as the pigment controlling negative phototaxis in Ectothiorhodospira halophila (Sprenger et al., 1993) , has been found to undergo a photoinduced cycle similar to that of the photosensory pigments of halobacteria (Meyer et al., 1987) . In the time domain between 2 ns and 2 s, two spectrally distinguishable intermediates have been so far detected (Hoff et al., 1994c; Meyer et al., 1987 Meyer et al., , 1990 . Upon irradiation, the yellow species with an absorption maximum at 446 nm (pG) is bleached in less than 2 ns, and a new species appears with a maximum at 465 nm (pR). Subsequently, this species disappears in -2 ms and a new absorption is produced at 355 nm (pB). The original yellow color is then recovered again in -300 ms at room temperature (Hoff et al., 1994c) Hoff et al., 1994c.) absorbance decays at various wavelengths, but an unambiguous spectrum to the blue-shifted intermediate could not yet be assigned (Hoff et al., 1994c) . Notwithstanding these inherent difficulties, the quantum yield for the photoreaction was reported to be 0.64 from flash photolysis experiments with optical detection . Although the kinetics and spectral shifts of the various transients show similarities to those encountered in other photoreceptors, e.g., in retinal proteins (Mathies et al., 1991; Lewis and Kliger, 1992) , the structure of the PYP chromophore has recently been found to be of a new type (Hoff et al., 1994a) . In fact, PYP represents a new type of photoreceptor in that it has a thiol ester-linked p-coumaric acid as prosthetic group, it is the first photoactive /3-clam protein (McRee et al., 1989) , and it is the first example of a eubacterial photoreceptor protein, probably involved in a new type PYP and the transient species formed in subnanosecond times after excitation have overlapping spectra. As a consequence, PYP and the first transient(s) absorb during the exciting pulse, similar to the cases of bacteriorhodopsin (Zimanyi and Lanyi, 1993) and other pigments (e.g., phytochrome (Scurlock et al., 1993) and rhodopsin (Lewis and Kliger, 1992) ). This consecutive multiphotonic process complicates the determination of the formation quantum yield of the transients by optical methods with relatively long (nanosecond) laser pulses (Rohr et al., 1992 
MATERIALS AND METHODS
Protein isolation, purification, and chemicals PYP was isolated from E. halophila according to the published procedure (Hoff et al., 1992; Meyer, 1985; Meyer et al., 1989) . The purity of the protein was determined through the ratio of absorbances A2,JA44, which was 0.5. For the measurements, PYP was dissolved in 10 mM Tris-HCl (pH 8.0) with 1 mM NaCl. K2Cr207 and bromcresol purple (Fluka, Neu-Ulm, Germany), each dissolved in the same buffer as PYP, were used as calorimetric references (Braslavsky and Heibel, 1992) .
Absorption spectroscopy
Absorption measurements were performed with a UV-2102 PC (Shimadzu, Columbia, MD, USA) spectrophotometer. Absorbances were measured to ±0.005 absorbance units.
Laser-induced optoacoustic spectroscopy
The LIOAS system has already been described in detail (Braslavsky and Heibel, 1992; Braslavsky and Heihoff, 1989; Churio et al., 1994; Rohr et al., 1992; Schulenberg et al., 1994) . The pulse at 308 nm from an Excimer laser (EMG 101 MSG, Lambda Physik, Gottingen, Germany) was used to pump the laser dyes furan 2 (for 408 nm), coumarin 47 (for 458, 460, and 472.5 nm), and coumarin 120 (for 425 and 446 nm) in an FL 2000 dye laser system (Lambda Physik). The resulting pulses had a 10-ns width. The spectrum of the emitted light was confirmed by measurements with an optical multichannel analyzer (OMA III, EG&G). The 10.5-ns pulse from the third harmonic of a Nd:YAG laser (DPLY2, JK Lasers, Rugby, UK) was used for excitation at 355 nm. The piezoelectric detector was a Pb-Zr-Ti ceramic 4-mm diameter and 4-mm thick cylinder (Vernitron) in a homemade housing (Braslavsky and Heihoff, 1989) . After amplification, the signal was fed into a Biomation 4500 (Gould, Santa Clara, CA) transient digitizer linked to an LSI 73 (Digital, Maynard, MD) microcomputer connected, in turn, to a VAX main frame. Signal averaging of several traces was performed until a S/N of -20 was obtained (16-25 traces) .
The frequency of excitation of the PYP solutions was always less than 0.2 Hz, allowing a full relaxation of the pigment between pulses (Hoff et al., 1994c The LIOAS signal handling has been explained previously in detail Malkin et al., 1994) . A pinhole of 0.9-mm diameter placed in front of the cuvette limited the acoustic transit time to -600 ns. The amplitude of the LIOAS signal is proportional to the heat dissipation within this heat integration time (prompt heat) (Braslavsky and Heibel, 1992) . The difference between first maximum and first minimum was taken as the signal amplitude (see Figs. 1 and 2).
Convolution of the optoacoustic signal from the reference solution with a model describing the kinetic behavior of the photointermediate produced after excitation of a PYP solution was performed by using a program provided by Dr. C. Viappiani (University of Parma, Parna, Italy) (see Rudzki Small et al., 1991) .
Determination of reaction quantum yield by flash photolysis with absorption detection Flash photolysis with absorption detection and nanosecond excitation was used for the determination of the bleaching recovery quantum yield, as the overlap of the absorption spectra of pR and pG impairs the optical detection of pR formation. The system with photomultiplier detection is similar to the one previously described (Aramendia et al., 1987) 458 (A = 0.14) nm were used. The TPPS solutions were deoxygenated by bubbling N2 for 10 min. PYP solutions were analyzed under air saturation as this was the condition of the previous studies (Hoff et al., 1994c) . Bleaching intensities for PYP at 446 nm and absorbance increases for TPPS at 460 nm were measured 2 ms and 2 ps after excitation, respectively.
RESULTS
Laser-induced optoacoustic spectroscopy For the buffer used in our experiments, the LIOAS signal from the calorimetric reference (K2Cr2O7) at all wavelengths was indistinguishable from noise at 2.6°C (e.g., see Fig. 1 trace A for A4725 = 0.12). At this temperature, a PYP solution showed a strong negative signal ( Fig. 1 trace B ). This signal had a different polarity from the signal from the same solution at 200C (Fig. 2) . We note that for neat water, the temperature at which the signal from a solution of a calorimetric reference is zero is 3.9°C, i.e., at this temperature the value of the thermal expansion coefficient , for water is zero.
The LIOAS signal was quantitatively treated by using equations already derived Malkin et al., 1994; Yruela et al., 1994) . Two approaches were used. In one series of experiments, measurements were performed at various temperatures by making use of the strong variation of ,B with temperature in aqueous solutions (Weast, 1986 (Weast, -1987 Because at 7°C no difference was observed between the energy dependence for the signal from K2Cr207 in H20 or in the buffer used, the ratio of thermoelastic parameters in the buffer, cpp/p, was taken as equal to that in neat H20. Should the value of cpp/p3 be different in both media, such a difference would have been more evident at lower than at higher temperatures, as the value of H directly depends on l/cpp and the largest differences in the 13 values occur at temperatures near the zero crossing point. A direct comparison was reported for the case of another buffer by Malkin et al. (1994) .
The plot of the left hand side of Eq. 1 versus cpp/p3 for a PYP solution of A4 = 0.23 and Aexc = 460 nm is shown in Fig. 3 .
The value resulting for the volume change per absorbed Einstein iS AVE = (DR AVR = -4.8 ml/Einstein (see Table 1 ).
The second approach for the determination of the molecular volume change was to measure the amplitudes at two temperatures, i.e., at the temperature for which ,B = 0 and the signal is thus due only to molecular volume changes (2.6°C in the buffer used) and at another temperature T for which both the thermal and the molecular volume changes contribute to the pressure wave, i.e., ,B # 0 (Malkin et al., 1994) .
Also in this case a measurement with a calorimetric reference at Tis needed to calibrate the system. As already shown, Eqs. 2 and 3 describe the handling of the data for this approach (Malkin et al., 1994; Yruela et al., 1994) 20°C. Although for the reference solution the dependency was linear in a large energy range, the energy-dependent plots deviated for the PYP solution at both temperatures from linearity already at pulse energies greater than -10 pJ. This effect will be treated later in the paper (see Fig. 7 ). As already mentioned, this effect was also found for the other two visible wavelengths studied (472.5 nm with solutions of A4725 = 0.12 and 446 nm with solutions of A446 = 0.13, see Figs. 5 and 6). To increase the accuracy of the results, the experiments with the two-temperature method were repeated as noted in Table 1 (Meyer et al., 1991) . As expected, within the experimental error, the value of amin = 0.82 ± 0.03 is independent of the excitation wavelength within the blue band. The values for the molecular volume changes are also independent of excitation wavelength A VE= -5.0 ± 0.2 ml/Einstein.
In Table 1 
Flash photolysis with absorption detection
To calculate the value of the energy content of the first intermediate, as well as the volume change per isomerized molecule, it was necessary to determine the quantum yield of the phototransformation, SR (vide supra). Fig. 8 shows the dependence with the absorbed laser energy (Ea) of the triplettriplet (T-T) absorption at 460 nm for TPPS 2 ,us after excitation and bleaching recovery for PYP at 446 nm 2 ms after (Davila and Harriman, 1990; Lambert et al., 1986) , and the absorption coefficient for the solution of PYP at 446 nm (4.5 X 104 M-1 cm-', Meyer, 1985) . The value of E460 = 4.7 X 104 M-1 cm-' for TPPS was obtained by using the comparative method with rose bengal as reference (ET-T at 600 nm = 4.9 X 103 M1 cm-'; DT = 0.9 in phosphate buffer, pH 7) (Gandin et al., 1983 (0) Malkin and Cahen, 1979) . As the first intermediate, pR, has a lifetime of several microseconds (Hoff et al., 1994c; Meyer et al., 1987 Meyer et al., , 1989 , and convolution of the LIOAS signal showed no transient shorter than several microseconds, the energystoring species should be the transient pR
depend on OR. The determination of the latter value and the difficulties arising with the measurements are discussed in the next section.
The reaction quantum yield
Our present value for the quantum yield of the bleachingrecovery of PYP at 446 nm, 0.35 ± 0.05, after excitation with a 10-ns pulse and measured -2 ms after the pulse, should be identical to the quantum yield of the primary reaction, (R, unless a fast dark branching reaction back to pG occurs in the system, for which there is no indication so far. The competing deactivation processes from excited pG should take place very rapidly, i.e., in a subnanosecond time scale. The measured quantum yield can therefore be taken as identical to (DR Care was taken to use pulse energies as low as possible in the determination of this value to avoid any multiphoton effects. Thus, the data used were only those within the linear energy-dependence region. As high laser energies lead to multiphotonic effects with PYP (see Fig. 9 and the discussion in following paragraphs), as well as with some of the actinometers, the value reported previously, 0.64 , may be in error due to these effects. Unfortunately, the authors do not report whether energy-dependent measurements were carried out. It is also possible that errors in this measurement were introduced by the use of erroneous values for the transient molar absorption coefficients of the reference substance. It is well known that molar absorption coefficients of transients are reported with large error margins in the literature and large differences may be encountered depending on the method used for their determination (Bonneau et al., 1991 , see also considerations on E of transients in Results).
The energy level of the first PYP photocycle intermediate Inserting the values DR = 0.35, a(A), and EA for excitation within the blue absorption band in the energy balance Eq. 4 (see Table 1 ) and taking into account that the fluorescence yield of PYP is negligible ((Ff < 2.5 X 10-3; Hoff et al., 1992; Meyer et al., 1991) , an average value of ER = EPR = 120 ± 30 kJ/mol is obtained, i.e., -130 kJ/mol (-50%) lower than the excited PYP molecules (the 0-0 emission band, i.e., the energy level of the first excited singlet state, is at 469 nm = 255 kJ/mol; from Meyer et al., 1991) . This is a large energy gap for the primary step. With the reported value of 4R = 0.64 , a much larger energy gap between PYP and pR would have resulted. It is worth comparing the results with those obtained with the other biological photoreceptors with polyene chromophores so far studied with time-resolved optoacoustics. In the case of bacteriorhodopsin (BR), we determined an energy content for the intermediate K (with a lifetime of 1.5 us), of 160 kJ/mol, i.e., 30 kJ/mol (-20%) lower than the excited BR (Rohr et al., 1992 (Lewis and Kliger, 1992 (Rohr et al., 1992) . A volume expansion of 29 ml/mol was determined for lumi-R formation from rhodopsin (Marr and Peters, 1991) .
Obviously, a contraction is a consequence of a change in density. Thus, it is not sufficient that a reorganization of the molecule takes place since then the van der Waals radii are identical. Rather, dipole moment changes are likely to occur in the chromophore, which in turn induce a reorganization of its immediate environment (protein and/or solvent molecules) around new dipole moments. The reorganization leads then to a contraction. This was the reasoning applied for the case of isomerizable model cyanine dyes in aqueous solution . In the latter case the contraction was interpreted as a reorientation of water molecules around isomers with different dipole moments. The contraction observed in the case of BR was also attributed to the reorganization of the protein around the photoisomerized intermediate K, with a dipole moment different from BR (Schulenberg et al., 1994) .
In the PYP case, the recent determination of the structure of the chromophore as a thioester-linked p-coumaric acid (Hoff et al., 1994a) gives rise to the reasonable expectation that, similar to the case of BR (Mathies et al., 1991) and rhodopsin (Lewis and Kliger, 1992) , the photochemical primary step is an isomerization of the double bond. As the photoisomer most probably differs from the parent structure with regard to its dipole moment, a rearrangement of the charges of the protein environment could result, leading to the observed contraction.
Modeling of the photochromic system Compared with the behavior of the calorimetric reference, the nonlinear behavior of the LIOAS signal amplitudes from 5, and 6) indicates that another process takes place in addition to simple excitation of pG and deactivation of pG*. Taking into account the overlap of the absorption spectra of pR and the ground state of PYP (pG) (Meyer et al., 1987; Hoff et al., 1994c) and the fact that the pR state should be created after -12 ps (Meyer et al., 1991) , the back phototransformation of pR to pG within the 10-ns laser pulse is a likely possibility. This type of photochromic equilibrium between the initial form and the first intermediate within the laser pulse duration has been observed in several model systems, e.g., in the laser dye DODCI (Bilmes et al., 1987 (Bilmes et al., , 1988 as well as in photoreceptors, like BR (Rohr et al., 1992; Schulenberg et al., 1994) and phytochrome (Braslavsky, 1990; Scurlock et al., 1993; Schaffner et al., 1990) . The possibility of a photochromic equilibrium in PYP at room temperature is supported by the low temperature (77 K) experiments that show that pR is photoconverted to pG (Hoff et al., 1992) .
We therefore used a four-level model scheme composed of the two ground states, pG and pR, and the corresponding two singlet excited states, pG* and pR*, similar to the case of DODCI (Bilmes et al., 1987 (Bilmes et al., , 1988 and BR (Rohr et al., 1992; Schulenberg et al., 1994) . Four differential equations describing the time behavior of the four species were used plus a fifth differential equation describing the heat evolution through radiationless processes (the equations are fully described in Bilmes et al., 1987 Bilmes et al., , 1988 . All equations were integrated from time = 0 up to the acoustic transit time, i.e., 600 ns. The time distribution of the laser pulse was approximated by a Gaussian function. This was experimentally supported by the measurement of the laser-beam profile.
The model served to simulate the energy dependence of the LIOAS signal amplitude at various temperatures and two excitation wavelengths, 446 and 472.5 nm. It was assumed that the pressure originating from the molecular volume change (second term in the right hand side of Eq. 1) was constant with temperature. This is a reasonable assumption, taking into account the small temperature range analyzed. This assumption is supported by the linearity of the plot in Fig. 3 . For the energy gap between pG and pR the value determined at low laser energies, namely 120 kJ/mol (vide supra), was used. The lifetime of pR* was assumed identical to that of pG*, i.e., 12 ps (Meyer et al., 1991) . There are no data in the literature about the excited state of pR.
In from pR to pG should be identical to that for the forward reaction with opposite sign, i.e., an expansion of 14 ml per photoconverted mol. At both temperatures and at both wavelengths it makes no substantial difference whether the simulation includes or excludes the back phototransformation (pR* -* pG). Both simulations mimic the experimental behavior (cf. Fig. 9, D and B). A simple three-level system, with no absorption by pR, would afford a simple saturation curve at 20°C. For each temperature, there is a wavelength-dependent deviation from linearity, which is an obvious consequence of the different absorption coefficients for pR and pG.
Thus, the simulation of our data supports the involvement of a four-level system as a result of multiphotonic absorption. Whether a photochromic equilibrium between pG and pR is established within the 10-ns laser pulse duration cannot be decided with the available set of parameters. A more complete fitting of the model to the experimental data is not possible at the moment as too many parameters are unknown for this system. Furthermore, the expected saturation at 2.60C could not be experimentally reached at any wavelength due to lack of sufficient energy provided by our laser pulse. Otherwise, a calculation of the quantum yield for the back photoconversion would have been feasible, as in the case with BR (Rohr et al., 1992) .
A simulation at both wavelengths and 2.6°C with DR = 0.64 and including back phototransformation with identical quantum yield fits poorly the experimental data (solid and dotted lines in Fig. 9D ), i.e., a much faster deviation of the linear behavior would be expected with such a primary quantum yield.
It is likely that the photochromic equilibrium between pG and pR is reached at relatively high laser energies. It is, however, not realistic to expect that it will be established under natural light conditions in the open field, i.e., the natural habitat for the bacteria. The possibility of multiphotonic processes should certainly play an important role in laboratory measurements on PYP with powerful lasers. Care should be taken to work in these cases in the linear part of the energy dependence.
